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Introduction
Macrophages protect the host against infection and injury and facilitate tissue remodeling 1 . However, they frequently accumulate in pathological settings, including cancers 2 , atherosclerosis 3 , metabolic disease 4 and sepsis 5 , where they respond to microenvironmental cues that can be detrimental to the host. Two distinct extreme states of polarized activation have been described in macrophages 6, 7 , the classically activated (M1) and the alternatively activated (M2) macrophage phenotypes, each characterized by well-described markers 5, 6, [8] [9] [10] [11] . M1 macrophages produce pro-inflammatory cytokines, elevate the expression of inducible nitric oxide synthase 2 (iNOS) and MHC class II (MHC II) 12 and can play anti-tumorigenic roles 5, 9 . In contrast, the M2 macrophages have increased expression of scavenger receptors, increased activation of the arginase pathway, low expression of IL-12, high expression of IL-10 and IL-1RA and increased anti-inflammatory responses and pro-tumorigenic functions 5 . Despite these observations, the detailed molecular networks controlling macrophage activation are not fully understood.
In the cellular response to growth factor stimulation, there are several, transient waves of gene transcription, including immediate early genes (IEG), delayed early genes (DEG) and secondary response genes (SRG) [13] [14] [15] . In addition, studies of EGF receptor tyrosine kinase (RTK) signaling have shown that there are two major negative feedback mechanisms, immediate and delayed 16 . The immediate wave of feedback regulation occurs within the first 20 min of ligand stimulation [16] [17] [18] and relies exclusively on preexisting signaling components. It involves rapid enzyme-mediated post-translational modifications such as phosphorylation 17 , dephosphorylation 19 and ubiquitination 20 . The delayed wave of feedback regulation that suppresses both ligand-mediated signaling and the expression of the IEGs, involves newly synthesized molecules encoded by
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The CSF-1 receptor (CSF-1R), regulated by its cognate growth factor ligands CSF-1 and IL-34 22, 23 , plays a major role in the regulation of tissue macrophage differentiation, growth and survival 24, 25 . Macrophage CSF-1R signaling also favors the generation of immunosuppressive, pro-tumorigenic, M2-polarized macrophages 10, 24, 26 .
The CSF-1R possesses 8 cytoplasmic domain tyrosines that are phosphorylated in the activated receptor (reviewed in 25 ). The conditional CSF-1R-deficient MacCsf1r-/-(M-/-) macrophage cell line has been used to probe the functions of these CSF-1R tyrosines 20, [27] [28] [29] [30] . M-/-macrophages retrovirally transduced with the wild type (WT)
receptor behave like primary macrophages 27 , whereas those reconstituted with a CSF-1R in which all 8 intracellular tyrosines phosphorylated upon activation are mutated to phenylalanine (YEF) and which lacks CSF-1R kinase activity, fail to support CSF-1-mediated survival, proliferation or differentiation 27 . By a CSF-1R Tyr deletion/replacement strategy, we have shown that both Tyr-559 and Tyr-807 together are necessary and sufficient for CSF-1 responsiveness and that with the further "addition back" (AB) of Tyr-544 for full restoration of kinase activity, the resulting M-/-.YEF.Y544,559,807AB macrophages exhibit normal survival and proliferation responses 20, 27, 28 . In the activated CSF-1R, phospho-Y721 (pTyr-721) creates the site for the binding and activation of phosphatidylinositol 3-kinase (PI3K) 29, 31 and PI3K pathways have been shown to regulate M1 and M2 activation programs in macrophages [32] [33] [34] [35] . Using the Y721F mutation in the WT CSF-1R and by "adding back" Tyr-721 to the M-/-.YEF.Y544,559,807AB CSF-1R backbone, we have shown that CSF-1R pTyr-721 signaling promotes macrophage motility, spreading and macrophage enhancement of tumor cell invasion 29, 30 . Although pan-PI3K inhibitors can be useful for suppressing
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In the present study, we have used the M-/-cell line system coupled with transcriptomic, bioinformatic and cell biological approaches, to identify macrophage CSF-1R pTyr-721 signaling pathways. We show that CSF-1R pTyr-721 signaling suppresses the proinflammatory M1 phenotype and enhances the M2 macrophage phenotype via a miR-21 regulated network in which elevated miR-21 mediates the suppression of M1 and the enhancement of M2 gene expression. Consistent with these observations, we show that miR-21 attenuates the peritoneal monocyte/macrophage inflammatory response in vivo.
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Materials and methods

Reagents
The anti-phospho-ERK 1/2 (T202/Y204), anti-phospho-NF-κB p65 (S536), anti-ERK 1/2 , anti-NF-κB p65 and anti-β-actin antibodies were from Cell Signaling Technology has been described elsewhere [27] [28] [29] .
Cell culture
M-/-.WT, M-/-.Y721F, M-/-.3ABY721, M-/-.3AB cell lines, that had been frozen in multiple aliquots at the time of first characterization [27] [28] [29] , were thawed and cultured in alpha modified Eagle's medium (α-MEM) containing 10% newborn calf serum (Invitrogen, Chicago, IL), 100 U/ml penicillin, 100 µg/ml streptomycin and 120 ng/mL human recombinant CSF-1, for no longer than 6 passages to ensure phenotypic stability. 
RNA extraction and qRT-PCR
Cell lysis was performed using the TRIzol reagent (Invitrogen). The miRNeasy kit (Qiagen, Germantown, MD) was used for total RNA and microRNA extractions from cell lysates, according to manufacturer's instructions. RNA amounts were quantitated by Nanodrop 1000 (Wilmington, DE) and RNA quality assessed using an Agilent 2100
Bioanalyzer (Santa Clara, CA). Total RNA preparations with Ribosomal Integrity Numbers (RIN) > 9.5 were used for microarray and qRT-PCR assays. qRT-PCR for miR-21, miR-155 and endogenous control miR-234 was performed on total RNA. Reverse transcription using the TaqMan® MicroRNA Reverse Transcription Kit and qRT-PCR using the TaqMan® MicroRNA Assays (Life Technologies, Carlsbad, CA) were performed according to the manufacturer's protocols.
Validation of the bioinformatically-predicted miR-21-regulated transcripts was based on the combination two previously published methods 37, 38 . The mRNA targets bound to their
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For gene expression analysis, total RNA was reverse-transcribed using the SuperScript® III First-Strand Synthesis System (Life Technologies, Carlsbad, CA).
Mouse oligonucleotide primers were commercially synthesized (Fisher Scientific) and the amplification products were verified by sequencing. Real-time PCR was performed with SYBR (Qiagen) using previously described 29 42 ). Significance was tested using the unpaired Student's t test.
CSF-1 stimulation, preparation of cell lysates and western blotting
Subconfluent (~70%) 100-mm tissue culture dishes of macrophages were CSF-1 starved for 16h to upregulate CSF-1R expression. Starved cells were incubated with recombinant CSF-1 (240 ng/ml) at 37°C for the indicated time points. Cell lysate preparation, SDS-PAGE, western blotting and the quantitation of chemiluminescent signals were performed as described previously [27] [28] [29] .
Flow-cytometric analysis of macrophages and peritoneal cells
Peritoneal cells were collected from mice subjected to the indicated treatments. Red blood cells were lysed using 3.5 mL of RBC lysis solution containing buffered 0.83% NH 4 Cl, at 37°C, for 5 minutes, followed by centrifugation at 300 x g. Cultured Macrophages 43, 44 and peritoneal cells 45 were analyzed as described and sorted using a 
ELISA and cytokine arrays
Cell-free supernatants were collected from cell cultures at the indicated times and screened for cytokine and growth factor production using the RayBio® Mouse Cytokine Antibody Array G-Series 2000 (RayBiotech, Norcross, GA) or the mouse IL-1β ELISA Ready-SET-Go kit (eBioscience).
Enzyme assays
Macrophage arginase activity was determined in 100 ug of NP-40 cell lysate using the 
Mouse experiments
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Results
Transcriptional analysis indicates a distinct role for macrophage CSF-1R pTyr-721 signaling
To discover the regulatory molecules, networks and phenotypes associated with macrophage CSF-1R pTyr-721 signaling, we used four previously described molecules, supplemental Table IV) , both of which have been linked to regulation of inflammation [48] [49] [50] [51] [52] and macrophage polarization [51] [52] [53] . Figure 2D) . Consistent with the increased lipid metabolism and glycolysis in M1 polarized macrophages 55 , we observed a significant enrichment in cholesterol synthesis, glycolysis and gluconeogenesis-related genes in pTyr-721-deficient macrophages (supplemental Figure 2E) . Together, these results suggest that pTyr-721-signaling suppresses the M1 phenotype and activates the M2 phenotype and we next addressed how pTyr-721 participates in the regulation of these phenotypes by inducing either the M1 or the M2 phenotype in the presence and absence of CSF-1.
CSF-1R pTyr-721 signaling suppresses the pro-inflammatory (M1) phenotype
The combination of IFNγ and LPS is a potent activator of the M1 phenotype 56, 57 . Figure 3C ) and other M2 cell surface markers ( Figure   3F ), than Y721-deficient cells. Since the gene ( Figure 3D ) and cell surface ( Figure 3F) expression levels of the cognate receptor for IL-4 are positively regulated by pTyr-721, the increased responsiveness to IL-4 is possibly due, in part, to the pTyr-721-mediated increase in IL-4Rα abundance, consistent with a priming effect of pTyr-721 signaling on the M2 response. These results indicate that the previously described CSF-1-mediated Additionally, miR-21 was the top predicted pTyr-721-dependent regulator (supplemental Table V To better characterize the role of CSF-1R-modulated miR-21 in macrophages,
we used the list of differentially expressed genes (supplemental Tables I-III) Figure 4C ). The expression of 47 of these mRNAs was significantly and negatively correlated with miR-21 abundance in our macrophage cell lines (supplemental Table VI ). Subsequent classification of these gene targets according to Gene Ontology (GO) (supplemental Table VII ) revealed a significant association with known macrophage-mediated or CSF-1-mediated functions (supplemental Table VII ).
Other significantly enriched processes, including regulation of apoptosis and cell death, the M1-specific enhancement of nitric oxide biosynthesis and the regulation of NF-κB functions (supplemental Table VII Figure 3) . For each cell line and growth condition, quantitative RT-PCR analysis of the affinity purified mRNA targets showed a significant (2.5-to 5-fold) enrichment of the 47 predicted miRNA targets (supplemental Table VIII ) compared to miR-21 target levels detected in preparations that did not undergo the capture procedure, whereas no significant enrichment (< 2-fold) was detected when using the unrelated control C. elegans miR-67.
To further confirm the suppressive role of miR-21 in inflammation, we used a LNA-miR-21 inhibitor 36 that efficiently knocked down miR-21 in macrophages of all 4 cell lines ( Figure 4B ) and measured the levels of the miR-21 substrate, IL1β mRNA, as well as secreted IL-1β. miR-21 knockdown overcame the pTyr-721 effect and led to a significant increase in IL-1β gene expression ( Figure 4D ) and IL-1β secretion ( Figure   4E ). In addition, the expression levels of mRNAs of pro-inflammatory molecules detected
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LNA-miR-21 inhibitor substantially increased IFNγ-and LPS-induced elevation of iNOS,
TNFα and IL-6 in Y721-expressing cells (Supplemental Figure 5 ). These results demonstrate that miR-21 directly mediates pTyr-721 suppression of M1 gene expression.
miR-21 mediates CSF-1R pTyr-721 enhancement of the repair (M2) genes
Our gene expression analysis did not reveal typical M2 markers as canonical miR-21 targets. However, to address whether the pTyr-721-regulated increase in miR-21 also regulates expression of M2 polarization markers, the abundances of 20 markers typically associated with macrophage polarization towards the M2 phenotype 57 were measured 
CSF-1R pTyr-721 regulates activation of ERK 1/2 and NF-κB
Our bioinformatic analysis of CSF-1R-modulated genes inferred a differential activation status of ERK 1/2 and NF-κB downstream of pTyr-721 (supplemental Table IV 
CSF-1R pTyr-721-induced elevation of miR-21 is regulated via PI3K and ERK 1/2
Previous studies have shown that phosphorylation of CSF-1R Tyr-721 mediates its association with and activation of PI3K to regulate macrophage motility 29 . To determine the extent to which PI3K activation is critical for the CSF-1-induced expression of miR- (supplemental Table VI ) and of an NF-κB activator 51 , IL-1β ( Figure 4C and supplemental Figure 5G .
Role of miR-21 in inflammatory processes in vivo
The response to intraperitoneal LPS involves an initial rapid recruitment of Ly6C Previous work has demonstrated the accumulation of Ly6C hi -derived, MHC II hiexpressing, M1-associated small-peritoneal macrophages (SPMs) in the peritoneal fluid of mice treated with pro-inflammatory stimuli 45 , from where they may migrate to lymph nodes and serve as antigen-presenting cells. However, regulators of SPM accumulation remained to be defined. Interestingly, we observed that treatment with LNA-miR-21
inhibitor alone increased recruitment of SPMs (Fig. 6C ) and the cell surface expression of M1 marker MHC II (Fig. 6D) and that LPS treatment enhanced these effects. Thus overall, our data indicate a miR-21 suppression of the proinflammatory response in vitro and in vivo.
Discussion
The role of the CSF-1R in promoting M2 polarization and mediating macrophage
For personal use only. on July 15, 2017. by guest www.bloodjournal.org From enhancement of tumor progression has been previously reported 26, 77, 78 . Moreover, studies using CSF-1R Tyr/Phe mutants have underscored the role of distinct pTyr signaling pathways in the regulation of macrophage survival, proliferation and motility 20, [27] [28] [29] [30] . However, the regulatory networks downstream of the CSF-1R that control . 5G ). Our data suggest that the elevated miR-21 levels observed in these diseases reflect a feedback control mechanism that suppresses the M1 phenotype and promotes anti-inflammatory/repair programs in macrophages.
Our results show that there is a previously overlooked, CSF-1R-modulated, molecular network that coordinately suppresses inflammatory responses and regulates 
